The twin-arginine translocase (Tat) transports folded proteins across the cytoplasmic membrane of prokaryotes and the thylakoid membrane of plant chloroplasts. In Gram-negative bacteria and chloroplasts, the translocon consists of three subunits, TatA, TatB, and TatC, of which TatA is responsible for the actual membrane translocation of the substrate. Herein we report on the structure, dynamics, and lipid interactions of a fully functional C-terminally truncated 'core TatA' from Arabidopsis thaliana using solution-state NMR. Our results show that TatA consists of a short N-terminal transmembrane helix (TMH), a short connecting linker (hinge) and a long region with propensity to form an amphiphilic helix (APH). The dynamics of TatA were characterized using 15 N relaxation NMR in combination with model-free analysis. The TMH has order parameters characteristic of a well-structured helix, the hinge is somewhat less rigid, while the APH has lower order parameters indicating structural flexibility. The TMH is short with a surprisingly low protection from solvent, and only the first part of the APH is protected to some extent. In order to uncover possible differences in TatA's structure and dynamics in detergent compared to in a lipid bilayer, fast-tumbling bicelles and large unilamellar vesicles were used. Results indicate that the helicity of TatA increases in both the TMH and APH in the presence of lipids, and that the N-terminal part of the TMH is significantly more rigid. The results indicate that plant TatA has a significant structural plasticity and a capability to adapt to local environments.
Introduction
The twin-arginine translocase (Tat) is almost unique in its ability to transport folded proteins across lipid bilayers [1] [2] [3] [4] . The system is found in the cytoplasmic membrane of bacteria and in the thylakoid membrane of chloroplasts. It often transports proteins related to pathogenesis [5] or photosynthesis [6, 7] in the case of bacteria and plants, respectively, although examples of target proteins used for other purposes are also abundant [8] .
The Tat system is needed for transporting proteins containing cofactors that must be inserted using the cytoplasmic machinery, or proteins containing ions Abbreviations APH, amphiphilic helix; DGDG, digalactosyldiacylglycerol; DHPC, 1,2-dihexanoyl-sn-glycero-3-phosphocholine; DMPC, 1,2-dimyristoyl-snglycero-3-phosphocholine; LUV, large unilamellar vesicle; MGDG, monogalactosyldiacylglycerol; PC, phosphocholine; PG, phosphoglycerol; POPC, 1-palmityl-2-oleoyl-sn-glycero-3-phosphocholine; POPG, 1-palmityl-2-oleoyl-sn-glycero-3-phospho-(1 0 -rac-glycerol); PS-(5-doxyl)-PC, 1-palmityl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine; RDC, residual dipolar coupling; SSP, secondary structure propensity; Tat, twinarginine translocase; TMH, transmembrane helix.
that cannot be incorporated into the protein on the trans side of the membrane which makes the Secdependent pathway unsuitable [9] . The large variability in target protein diameters puts a high demand on the ability of the Tat translocon to facilitate transport of target proteins with different dimensions over the membrane without leakage of ions and small molecules.
The Tat translocon consists of either two or three subunits from two different families. In most Tat systems, the TatA family consists of TatA and TatB which are similar in structure but distinct in function, while in some Gram-positive bacteria only a single TatA is present, for example, the TatA d from Bacillus subtilis, which assumes the function of both, TatA and TatB. Previous solution NMR-based studies, which for the Escherichia coli TatA and TatB were performed with truncated proteins lacking the unstructured C-terminal hydrophilic domain, have shown that this core region of the proteins from the TatA family consists of a short transmembrane helix (TMH) followed by a short linker, after which one (in TatA) or several (in TatB) amphiphilic helices and an unstructured C-terminal tail follow [10] [11] [12] . The latter is apparently not essential for function because the truncated versions of TatA [13, 14] and TatB [13] showed some transport activity, at least in qualitative terms. The TatC family has a single member, a six TMH protein for which the structure has been solved by X-ray crystallography [15, 16] .
The ruling hypothesis for how the Tat system works begins with an oligomeric TatBC-complex of~600-700 kDa [17] [18] [19] recognizing the N-terminal targeting signal of the Tat substrate to be transported [18, [20] [21] [22] . This signal peptide contains an almost invariant arginine pair, which is responsible for the name 'twinarginine' to the pathway [23] . Subsequent membrane translocation of the passenger polypeptide, which requires both TatA and the membrane potential, is still a matter of debate. Three deviating working models are currently discussed: (a) translocation pores with different or variable diameter to facilitate membrane transport of the various Tat substrates, which are all distinct in size [24] [25] [26] , (b) TatA-induced membrane weakening resulting in translocation of the substrate directly through the lipid bilayer [27] , and (c) a catalytic or regulatory function of TatA facilitating membrane transport by the TatBC complexes [28] .
To date no structure of the assembled Tat translocon exists and such a structure would be difficult to obtain due to the transient and highly variable nature of the Tat system. Here, we used NMR spectroscopy to explore the structure, location, and dynamics of TatA from Arabidopsis thaliana (AtTatA) in 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) micelles. Based on our results we found both differences and similarities between AtTatA and the previously structurally characterized TatA that have all been of bacterial origin. DHPC was chosen because of its lipid-like qualities, especially concerning the lipid head-group structure. One must keep in mind, however, that the 'bilayer' properties of this detergent depend on the short chain length of the acyl chains, potentially allowing for hydrophobic mismatch between helical segments and the acyl chains [29] . The use of detergents altogether may also have an impact on surfaceassociated parts of proteins [30] . Since the choice of membrane mimetic impacts the structure and function of proteins [30] [31] [32] [33] [34] [35] [36] [37] [38] we additionally introduced lipids to the protein-detergent complex to form small isotropic bicelles in order to see with high resolution along the primary sequence whether structural rearrangements and dynamical changes take place. Finally, CD spectroscopy was used to study TatA in vesicles to test the effect of membrane-related parameters such as curvature, surface charge density, and lipid composition on TatA secondary structural content.
Results

Catalytic activity of core TatA used for structural analyses
The structure analyses presented here were performed with the C-terminally truncated core TatA from A. thaliana lacking the unstructured C-terminal hydrophilic domain (Fig. 1A) , since the C-terminal residues in TatA proteins are disordered and nonconserved [10, 11, 39] . In order to make sure that a still functionally active protein is analyzed, in thylakoido complementation experiments according to Hauer et al. [28] were performed (Fig. 1B) . Here, we have used pre-OE16, the precursor polypeptide of the 16 kDa subunit of the oxygen-evolving system (OE16), as Tat substrate in such an assay. When this protein is incubated with thylakoid vesicles it is transported across the membrane and processed by thylakoidal processing peptidase to the mature protein (Fig. 1B, lane con) . Pretreatment of the thylakoids with affinity-purified anti-TatA antibodies prevents the membrane translocation and the processing of the pre-OE16 leading to the accumulation of the precursor molecules on the stromal (cis)-side of the vesicles where they are degraded by externally added protease (Fig. 1B, lane  HM) . When such anti-TatA-treated thylakoids were supplemented with purified core AtTatA, thylakoid transport of OE16 was fully restored within a few minutes leading to the accumulation of the mature protein in the thylakoid lumen where it is resistant against externally added protease (Fig. 1B, lanes 0-8 min) . This proves a catalytic activity of core AtTatA similar to that described for wild-type TatA in time course experiments [28] . It should be noted that the antibodies used in this study were raised against the C-terminal unstructured part of wild-type TatA that is almost completely absent from the core AtTatA protein used here, which precludes that the thylakoid transport observed is the result of 'antibody-stripping' of the antibody-blocked thylakoids by the core AtTatA and thus restoration of the intrinsic thylakoidal TatA activity.
Structure determination
For convenience, and for facilitating the comparison with TatA from other sources, the primary sequence will in the following be numbered according to the E. coli TatA sequence (see Fig. 1A ). The secondary structure and topology of TatA in DHPC was mapped by a chemical shift analysis and Fig. 2A shows secondary chemical shifts with sequence-specific corrections [40] for several nuclei in the backbone and side chains, whose chemical shifts are related to secondary structure. Based on these, the secondary structure propensity (SSP) was calculated [41] . The results show that AtTatA consists of two helical regions: residues V6-L19 (TMH) and E27-S48 (amphiphilic helix, APH), while the other regions are classified as random coil. The TMH has a pronounced helical character, as indicated by both the chemical shifts, and the resulting SSP scores, while the APH has significantly less helical character. It should be noted, however, that the beginning and end of an ordered structure region is not well-predicted from chemical shifts alone.
Dihedral angle constraints were predicted from chemical shifts using DANGLE [42] , incorporated into Ccpnmr Analysis. J HN-Ha -couplings were also used to derive backbone /-angles [43] [44] [45] . The /-and w-angles of TatA's backbone derived by the different methods are shown in Fig. 2B . As clearly observed the regions comprising V6 through L19 and E27 through S48, with the exception of L25 that is adjacent to a proline, P26, take on backbone dihedral angles corresponding to an a-helix in both the analysis of J-couplings and chemical shifts. NOE-derived distance constraints were generated from 13 C-and 15 N-edited NOESY-HSQC data. Diagonal peaks in NOESY-HSQCs were first assigned by comparison of resonance positions to those in assigned HSQC spectra and by inspection of cross-peak patterns. Assignments were subsequently automatically done by CYANA and only the peaks for which unambiguous assignments could be made were converted into distance constraints. In total, 374 unique distances were obtained, most of which were related to helical structure.
Based on these constraints, an ensemble of structures was calculated (Fig. 2C) . Table 1 summarizes the distance and dihedral angle constraints used in structure calculation, together with statistics on the resulting model. Overall, the structures have low violations and no residues with backbone torsion angles consistently in the disallowed region. Altogether, only three residues located at the N terminus (Leu1) and in the linker between the two helices (Lys23 and Leu25) have backbone //w angles in the disallowed region in one model structure each. Moreover, these residues are found in regions of the structure for which fewer constraints were found. It is worth noting that no longrange constraints between the two helical regions could be found in the data. As a consequence, the resulting structure does not have a well-defined tertiary conformation, as the relative orientation of the TMH and APH could not be determined from conventional NOE and angle constraints. Based on the structure, the TMH was defined as V6 through L19, and the APH between E27 and S48, with a linker in between denoted as the 'hinge'. The only available data for constraining the structure in the hinge between the TMH and APH, except for very few sequential and short-range NOEs and J-couplings for residues F20, K23, and K24, were predicted dihedral angles (Fig. 2B ). Since predicted dihedral angles are usually not considered reliable outside regions of ordered secondary structure, it cannot be concluded nor contradicted that TatA has a well-defined tertiary structure under the applied experimental conditions. However, the agreement in the dihedral angle predictions using different sources of data in the region between the two helices indicates that a preferred conformation may exist for these residues (F20-P26).
All structures in the ensemble have in common that their APHs deviate slightly from ideal a-helical dihedral angle geometry, causing the region to be curved, which can be seen for one of the ensemble's constituents shown in Fig. 2C . The propensity for this deviation is readily discernible in the overall lower propensity for helical structure as judged from chemical shifts ( Fig. 2A) . Moreover, the RMSD in the atomic coordinates is much higher for the APH as compared to the TMH (Table 1 ) indicating a more flexible structure, possibly associated with a helix bending in the APH.
Relaxation and dynamics
The backbone dynamics of TatA in DHPC was investigated by measuring longitudinal (R 1 ), transverse (R 2 ) and steady-state NOE relaxation parameters (Fig. 3A-C) . The observed trends seen for each relaxation parameter in different regions of the protein are all consistent with each other, and with a qualitative description of the protein motion. First, all relaxation data for the TMH (V6-L19) are clearly consistent with a relatively rigid helix. Second, the data for the APH (E27-S48) are also consistent with a somewhat ordered structure, but to a lesser degree than the TMH. For instance, the NOE data are a good measure of fast N vectors [46] , and from examining these, consistently lower NOEs were found for the APH as compared to the TMH indicating a larger influence of faster motion in the APH. Residues in the hinge region (F20-P26) have relaxation rates and NOEs that lie in between what is observed for the average TMH and APH residues. Since the hinge region is short, its dynamics are likely to be influenced by the two larger domains it connects to, but the relatively rigid dynamic behavior may also reflect a welldefined conformation. Both the N-terminal and C-terminal residues have faster dynamics indicating more mobile regions, especially the C-terminal residues, for which relaxation data indicate a very flexible backbone.
We also used the model-free approach [47, 48] to obtain a more quantitative description of the dynamics, which also facilitates comparison of dynamic properties of proteins (Fig. 3) . Although several problems are associated with using the model-free approach for interpreting relaxation data in terms of dynamic parameters, the outcome is still useful for characterizing the dynamics of bilayer-or micelle-bound peptides and proteins (for examples see [49] ). Figure 3D ,E shows S 2 and s e plotted as a function of residue number. In this process the overall correlation time for the micelle-protein complex was found to be 7.3 ns, in good agreement with the size of a protein-detergent complex, based on the StokesEinstein hydrodynamic approach [50] . This correlation time can be seen as an effective correlation time of the motion of the protein within the micelle environment. To determine if it is justified to use one single global correlation time for the overall motion of TatA in DHPC, we evaluated the relaxation in terms of a global correlation time for each residue, together with S 2 and s e ( Fig. 3F-H) . Indeed, for all residues in the TMH and APH, correlation times very close to the overall correlation time found above were observed, indicating that for more or less structured regions in the protein this is justified.
We also included an exchange term, R ex , in the analysis, to test whether possible slower motions influence R 2 relaxation. The inclusion of an exchange term did not improve the fit significantly for any of the residues, indicating that no such motions contribute to the relaxation. To further examine the presence of slower exchange dynamics, we measured relaxation dispersion using the CPMG approach [51] [52] [53] . Representative data for residues in the different structural regions of TatA in DHPC are shown in Fig. 4 . No significant dispersion was observed in any parts of the protein, again indicating that there are no slow dynamics that contribute to relaxation. Slower exchange processes, possibly coupled to local unfolding or structural plasticity cannot, however, be ruled out by these measurements.
From the analysis above, order parameters can be analyzed and, as expected, the TMH region was found to be the most rigid on the ps-ns timescale with the highest order parameters (S 2 > 0.8). For the APH region S 2 varies in a uniform periodic manner (0.6-0.8) and with an average of about 0.7 while even lower S 2 values are seen for the C-terminal residues. This is indicative of a quite rigid structure. s e varies significantly and unpredictably within the N-terminal, hinge and APH regions, but becomes significantly smaller for residues close to the C terminus. For residues in the TMH, a truncated form of the spectral density function was sufficient to model the relaxation data and the estimates of s e in this region are thus less meaningful. Some residues have slow local motion, with s e close to 1 ns, meaning that the underlying assumption that the motions are separated on different timescales may not be valid for these residues.
Residual dipolar couplings for TatA in DHPC
To further examine the relative orientation of the two helices, residual dipolar couplings (RDCs) were measured for TatA in DHPC using a stretched polyacrylamide gel (Fig. 5 ). For the TMH, a harmonic dipolar wave pattern was seen for residues V6 through L18, which reflects the fact that the small angle relative to the helix axis. For the APH, a single dipolar wave could not be fitted to RDCs from the entire region. However, two different wave patterns could be seen for residues E27-G33 and G33-E45, indicating a helical region that is bent or kinked. The number of residues per turn was found to be 4.6, 3.0, and 3.6 for regions V6-L18, E27-G33, and G33-E45, respectively. The deviations away from the expected periodicity of 3.6 residues per turn for an ideal a-helix in the former two regions may be due to uncertainties in resonance positions that are not negligible, on the order of a few hertz. From the data it is clear that the TMH and APH helical regions take on significantly different RDC values. This means that the helices do not share a common orientation for their helix axes, that is, the APH is never parallel to the TMH. However, upon examining the structure ( Fig. 2C ) it is evident that it is not possible to backcalculate RDC values from the limited structural information on the relative location of the two helices. Moreover, the experimental conditions (the stretched polyacrylamide gel) prevented determination of RDCs for more than one bond vector ( 1 H-15 N) and also varying the alignment. To account for the variation in flexibility, we also scaled the RDCs by the order parameters obtained from relaxation data (Fig. 5 ), but this had only minor effect on fitted dipolar wave pattern parameters. We thus conclude that the two helices have different orientation in DHPC, but that the relative orientation is not well-defined from our data.
Solvent accessibility
The H/D exchange experiments were used to obtain an estimate for the DHPC micelle surface boundaries relative to the protein (Fig. 6A) . A few observations can be made from this data. First, all backbone 1 H N protons in TatA exchanged surprisingly fast with 2 H (within 15 min, the first time point in the measurement series), only resonances in the TMH remained, which indicates that most of the structure in DHPC is not well-protected from solvent. A second observation is that measurable exchange rates in the TMH (Fig. 6A) can be categorized into rates on two timescales with a separation of almost one order of magnitude, and that the residues with the higher rates have a certain periodicity with which they appear with respect to the primary sequence. This pattern indicates that one face of the TMH is not as well-protected from solvent by the detergent molecules, as the other.
The H/D experiments were complemented by a CLEANEX experiment [54] , which is sensitive to Fig. 4 . Effective relaxation dispersion rates at different CPMG field strengths for representative residues in the different structural regions of TatA. Data points for residues found in the TMH and APH have been colored green and blue, respectively. exchange on a much shorter timescale, from a few up to hundreds of milliseconds (Fig. 6 ). Although it is in principle possible to obtain exchange rates from a series of CLEANEX experiments together with knowledge of longitudinal relaxation rates, the data were here only used to draw qualitative conclusions on solvent accessibility. From the data it is evident that L1, S31, S38, S48 had the most water-accessible backbone amide protons, for which the maximum exchange resonance intensities were observed already at short mixing times (< 80 ms). This result indicates that L1 is outside the DHPC micelle, while the Ser residues in the APH are facing water. Residues L4-I28, with the exception for K23 and K24, have no detectable exchange even at long mixing times. The relatively slow exchange observed for L4 and G5 that are not part of the TMH, indicates that these residues are protected from solvent solely by the micelle. K23 and K24 thus appear to be the only residues connecting the two helical regions that clearly emerge out of the micelle-water interface. Surprisingly almost all residues from G29 to the C terminus show resonances in the CLEANEX spectra, indicating both that the hydrogen bonding in the APH region is weak and that the positioning of the APH in the micelle-water interface is shallow.
To further examine the location of TatA in DHPC, a soluble paramagnetic probe was added to the sample. Figure 6B shows residual intensities in a 15 N-HSQC in the presence of the water-soluble and paramagnetic Gd 3+ -chelate gadodiamide normalized by intensities in the absence of the paramagnetic species. The N-and C-terminal residues have resonances whose intensities were highly affected by the addition of gadodiamide and are thus exposed to solvent. The resonances that stem from the TMH were, with the exception of the N-terminal residues least affected by the probe, followed by residues in the APH. The residues in the APH appear to divide into two regions, with the N-terminal part of the APH being slightly less affected than the C-terminal, indicating that the former is more deeply embedded in the detergent micelle than the latter. A general broadening of resonances throughout the sequence was observed that most likely can be attributed to a general long-range effect from the relatively high concentrations of gadodiamide (up to 30 mM) that was used. In principle it is possible for the overall broadening effect to stem from dissociation of TatA from the micelle. This should, however, lead to structural and environmental rearrangements in the 'free fraction' of the protein and dynamics that would be visible either in the dispersion data, or through the existence of multiple peaks.
Lipid interactions
The effect of adding lipids to the protein was examined by CD spectroscopy (Fig. 7) . 1,2-dimyristoyl-snglycero-3-phosphocholine (DMPC) was titrated onto a sample containing DHPC and protein resulting in different q-values (DMPC/DHPC ratio) to determine if lipids affect the structure of TatA. As seen in the data in Fig. 7A , the protein underwent a structural transition when lipids were added to the TatA-DHPC sample, reaching an apparent endpoint of the structural change already at q = 0.2. We also examined the structure of TatA in large unilamellar vesicles (LUVs) made from 1-palmityl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and in vesicles composed of increasing amounts of 1-palmityl-2-oleoylsn-glycero-3-phospho-(1 0 -rac-glycerol) (POPG) or monogalactosyldiacylglycerol (MGDG). The content of a-helix increased as zwitterionic POPC were substituted for anionic POPG (Fig. 7B) . A gradual conversion into a more helical structure was also seen as POPC was exchanged for MGDG, the most abundant lipid in thylakoid membranes (Fig. 7C) . A similar transition was not seen for digalactosyldiacylglycerol (DGDG; data not shown), indicating that TatA's structure responds to the overall change in membrane properties imposed by introducing charged lipids or MGDG rather than by forming specific interactions with the galactolipids as MGDG and DGDG have similar functional groups.
The change in structure and dynamics upon adding lipids was also examined by NMR and by recording chemical shift changes [55] and longitudinal relaxation rates (Fig. 8) . (Fig. 8B) . For q > 0.2 the broadening became too severe to be able to detect most peaks. Unfortunately it was not possible to conduct experiments necessary to obtain resonance assignment for other atoms than the backbone 15 N and 1 H, preventing a full SSP analysis in bicelles. Figure 8A contains the observed 1 H, 15 N shift changes for TatA as DMPC is added to form small q = 0.2 DMPC/DHPC bicelles. The largest changes were seen to occur at the N terminus and in the N-terminal part of the TMH, the hinge region and in the first part of the APH. The C-terminal part of the TMH and the Cterminal residues are relatively unaffected by the presence of lipids. Most of the pronounced amide 1 H chemical shift changes at the N terminus of the TMH resulted in increased dispersion in the spectrum, indicating more helical structure (Fig. 8B) , consistent with the increased helicity observed in the CD spectra. The results not only indicate structural rearrangements at the N-terminal part of the TMH, most likely an extension of the helix in the presence of DMPC, but also indicate that structural rearrangements occur in parts of the APH. Altogether the NMR and CD analyses indicate that TatA has a possibility to undergo structural rearrangements in response to the environment.
Longitudinal R 1
15
N relaxation rates of TatA's backbone in a bicelle environment were also measured and are shown in Fig. 8C . Due to severe overlap and low signal-to-noise, R 1 could only be determined for about half of the residues in TatA in bicelles. This also prevented a similar analysis of relaxation data as was performed for TatA in DHPC. A few observations can, however, be made. Since TatA's backbone dynamics belong to the slow-motion regime, a relatively slow relaxation rate correlates with a higher local order. The most rigid region in TatA in q = 0.2 bicelles was found to be the N-terminal part of the TMH, and the backbone becomes gradually more flexible over the second half of the TMH, the hinge region and the first part of the APH. The C-terminal half of the APH was seen to be significantly less rigid than the first part. Figure 8D shows the change in R 1 rates in a bicelle compared to in a micelle environment. Significant changes occur foremost in the first part of the TMH and also in the APH. This is in excellent agreement with the chemical shift analyses, indicating a distinct change in both structure and dynamics for the N-terminal part of the TMH. The combined results also indicate changes in the hinge and in the N-terminal part of the APH.
The insertion depth of TatA into the bilayer region of the bicelles was examined using lipids carrying a paramagnetic moiety attached to position 5 in the 2-stearoyl acyl chain (Fig. 8E) . It is known from paramagnetic relaxation enhancement studies that the probe used here is located about 10 A from the bilayer center in similar model membranes [56] , and that it has a distribution in location of about 3
A [57] . Taking this into account, it affects residues~5
A below the head-group region. The few first N-terminal 1 H- 15 N resonance intensities are greatly affected by the presence of the unpaired electron, meaning that these residues are localized close to the spin-label. A gradual increase in intensity ratios toward the C terminus follows, with an exception for residues in the hinge and the first part of the APH that have slightly lower intensity ratios distinct from the otherwise rather uniform increase. One must keep in mind, however, that the spin-labeled lipids can be inserted in both leaflets of the small bilayer of the bicelle, affecting different regions of the protein. The very C-terminal residues appear to be located far away from the spin-label and the mimetic.
Discussion
Structure of TatA
Three previous studies have resulted in high-resolution solution-state NMR structures of bacterial TatA: Hu and coworkers determined a monomeric structure of full-size TatA from B. subtilis [10] . Rodriguez et al. [11] and Zhang et al. [12] determined structures of Cterminally truncated TatA proteins from E. coli lacking most of the unstructured C-terminal hydrophilic domain. Rodriguez et al., however, used a T22P mutant for their monomeric structure analyses, which was shown earlier to be almost nonfunctional in E. coli [58] . The oligomeric structure of wild-type TatA was subsequently obtained based on homology modeling to the structure of the mutant monomer in combination with rigid-body refinement using intermolecular NOEs observed for wild-type TatA as constraints. Zhang and coworkers determined a dimeric structure of a truncated TatA derivative (M1-Q55) from E. coli [12] . All three structures were found to contain two helices, one TM and one APH, although the details differ significantly. Moreover, the interhelical angle has been determined by solid-state NMR in a study by Walther et al. [59] .
The residue that defines the beginning of the TMH varies slightly between the different available structures, (from residue [6] [7] [8] , and the TMH is thus about 13-15 residues in length. The short TMH was suggested to be important for TatA's ability to catalyze transport of substrate proteins across the membrane, possibly through a membrane perturbing mechanism [11, 27] . The present structure of A. thaliana TatA also has a short TMH, although introducing lipids into a detergent micelle appears to alter the length of the TMH.
TatA has a fully conserved FG-dipeptide which initiates the hinge region [10] . This hinge region as well as the beginning of the APH is very similar in sequence between AtTatA and TatA d from B. subtilis. Both proteins contain the conserved motif F 20 
GPxKLPEIG
29 where x is S and K in BsTatA d and AtTatA, respectively. Indeed, residues K23-L25 were here found not to take part in ordered structure formation and are also part of the hinge region in the studies by Hu and Walther [10, 59] . Likewise, the Pro at position 22 of AtTatA is here not seen to be part of the APH, but positioned rather in the hinge region, as expected. In contrast, the T22P substitution used to produce the E. coli multimeric model structure, which is otherwise not at all found in c-proteobacteria (Fig. 1A, [11] ), becomes part of the APH of the E. coli protein indicating that not sequence nor mimetic alone govern the length of the hinge region.
Amphiphilic helices from c-proteobacteria contain a fully conserved DLG motif, which introduces a kink in the helices, dividing the APH into a proximal and distal part [11] . Plants tend to favor SIG in the corresponding positions and in the present study this also appears to introduce a change in helix axis orientation, as was seen in the structure of EcTatA, although it is difficult to conclude from the present RDC data how large of a kink the APH has.
Dynamics and location of TatA in DHPC
Since the structure of AtTatA is not very well defined, it is more interesting to evaluate and compare the dynamic behavior of the protein. Hu and coworkers evaluated the dynamics based on 1 H- 15 N NOE values only [10] . The trend in NOEs found in that study is similar to the present study where the highest NOE values are seen for the TMH region, with a small decrease in the hinge region before a plateau is reached for the N-terminal part of the APH. The C-terminal part of the APH has a gradual decrease in NOEs toward the terminus. The overall high NOE values across the TMH, hinge, and N-terminal part of the APH in B. subtilis were interpreted as an indication of a stable 'L'-shaped structure. In the present study, model-free analysis confirmed the rigidity of the structure, showing high-order parameters in the TMH, and only slightly lower order in the hinge but with the lowest in the APH. While the high order in the TMH agrees well with the relatively stable helix structure, the restricted motion of the APH is likely a result of interaction with the micelle. The linker between the TMH and APH is too short to acquire any high degree of flexibility. It is, therefore, interesting to note that although the whole protein appears to be relatively rigid on the ps-ns timescale, the tertiary structure of AtTatA is not well-defined as based on NMRderived structural parameters. Moreover, differences in both structure and dynamics occur as a function of lipid surroundings, indicating that a structural plasticity exists, and that AtTatA can adapt to the environment. There was no need to include an exchange term to interpret R 2 rates, which indicates that although several conformations around the hinge may exist, these do not result in variations in NMR parameters such as chemical shifts.
Walther and coworkers used H/D exchange experiments to determine the length of the TMH of TatA in SDS micelles [59] . As in the present study, all backbone 1 H resonances from residues outside the TMH had exchanged already after 15 min. This result is in agreement with the loose hydrogen-bonding pattern seen for the APH region in the present study. However, in the 450 mM SDS micelle solution used by Walther et al. the TMH residues stayed inaccessible to water for weeks, in strong contrast to the result seen here for AtTatA in 120 mM DHPC where the exchange took place on the timescale of hours or less even for residues in the expected center of the micelle. It has been shown that the oligomeric state of TatA can be controlled via the detergent/protein concentration ratio, with high ratios promoting a monomeric conformation of TatA [11, 12] . The ratio of protein to detergent used in the present study of~1 : 400 is most likely sufficient to prevent AtTatA from forming a dimer or higher order multimer in which water possibly could have a higher accessibility to the TMH region. One possibility for fast exchange with solvent, however, is that the APH prevents efficient packing of detergent molecules around the TMH and that this allows water to come into close contact with the TMH.
A common feature of the N-terminal end of the TMH is that it often contains a Glu or Gln in position 8. Suggestions for the function of this hydrophilic residue inside the hydrophobic part of the membrane range from prevention of leakage of small molecules to proton conducting properties or a site for interaction with other Tat components [11] . Position 8 has been found to fall on the opposite face of the TMH relative the APH in all structures published so far. In the present structure, we were not able to uniquely determine the location of this residue. Based on the structure, however, and with the aid of the exchange data for other residues in the TMH (Fig. 6) , we see that Glu8 belongs to the face of the helix that has a faster solvent exchange, and one may hypothesize that if the APH is responsible for this unexpectedly fast exchange, this residue would be on the side of the TMH that is closest to the APH, in contrast to previous observations.
Structural and dynamical changes in TatA in the presence of lipids
When lipids (DMPC) were added to the DHPC micelles, specific changes in the TatA structure and dynamics were observed. In Fig. 8 it is seen that shift changes occur mostly in the N-terminal part of the protein, to the largest extent for residues preceding the TMH, in the hinge region and in the first half of the APH. In contrast, the C-terminal part of the TMH is relatively unaffected, as are residues belonging to the C-terminal part of the APH. However, the similar chemical structure of DMPC as compared to DHPC leaves the second half of the TMH in a similar environment, while the hydrophobicity in the environment toward the first half of the TMH increases, most likely due to the longer acyl chains of DMPC. The shift changes in the APH may on the other hand be due to the helix becoming straighter as the curvature of the mimetic decreases when bicelles are formed. The mostly lower R 1 relaxation rates observed in bicelles compared to micelles (Fig. 8) indicate first that the protein is in a bicelle that has a significantly larger size than DHPC. The differences may also be related to the TMH becoming more rigid in the presence of bicelles, while residues at N terminus have opposite trends in relaxation behavior. This result supports an interaction between the lipids and the TMH, leading to a more confined environment. For the APH it can be speculated that the difference when DMPC is added is not a more confined environment, but rather a decrease in curvature of the mimetic, which may lead to an increase in the helicity of the APH. The dynamics of the C-terminal part of the APH is relatively unaffected by lipid addition, except for a slight increase in R 1 for two residues indicating less restricted motion, again indicating that this part of the protein is unlikely to interact with either mimetic. In conclusion, significant changes in the protein dynamics in a bicelle compared to a micelle environment occur only locally, and mostly so in the N-terminal parts of the two helices.
The protein also undergoes a change in structure in response to adding negatively charged POPG to LUVs. Since the environment within the hydrophobic part of the bilayer of LUVs is not expected to change much when zwitterionic lipids are exchanged for anionic lipids, the increase in helicity in the CD spectra in Fig. 7 is most likely related to structural changes occurring in the APH only. There is also an increase in helicity when MGDG is added, which may indicate that a more native-like membrane induces more structure in TatA. MGDG is in general described as a nonbilayer-forming lipid and an induction of local higher curvature may provide a significantly different environment for TatA as compared to in POPC/DGDG LUVs. Alternatively, although the galactolipids have similar functional groups, the size and shape of the mono-and digalactosyl headgroups differ, affecting the positioning and structure of TatA's APH in the membrane-water interface.
Paramagnetic relaxation enhancement studies using a spin-labeled lipid provide insights into the positioning of TatA relative to the bilayer region of the DMPC/DHPC bicelles. The 14-residue TMH is expected to have a hydrophobic mismatch with an in vivo thylakoid membrane, the helix having a length of only about [21] [22] [23] A. The thickness of the hydrophobic interior of the DMPC bicelle is expected to be~30
A wide, and the TMH of TatA can thus only span two thirds of the bicelle's apolar region. The data clearly show that the APH is not affected to any large extent, while residues at the two termini of the TMH are affected, indicating that these are located slightly under the head-group region. The N terminus of the protein appears to be embedded in the bicelle, again indicating that there may be a hydrophobic mismatch between the helix and a real bilayer.
In conclusion, we have in this work examined the structural features of a TatA protein from plants, namely from A. thaliana. We confirmed that the secondary structural content of the core region of AtTatA is similar to that of bacterial orthologs previously described, as was expected from the high sequence identity of TatA proteins from different sources. Furthermore, we found supporting evidence for similarities also in tertiary structure of the plant TatA protein and its bacterial counterparts. However, the lack of a well-defined tertiary arrangement under our experimental conditions is clearly different from the structures described for bacterial TatAs. H/D exchange and paramagnetic relaxation enhancement experiments confirmed that the TMH region of TatA is short compared to 'standard' TMHs. The hinge and APH regions are buried in a shallow manner in the micellewater interface and the APH is slightly bent and/or kinked due to the curvature of the micelle.
We determined dynamic parameters of TatA's backbone using the model-free approach. The structure is rigid throughout the TMH and hinge but somewhat less rigid in the APH. Moreover, we showed that the choice of membrane mimetic is important for the structure and dynamics of plant TatA. When zwitterionic lipids are added to micelles, a more rigid and longer TMH and a more well-defined APH region are observed. The latter effect is likely to be responsible also for the increase in helicity seen when anionic or nonbilayer-forming galactolipids are added to LUVs. The trends in structure and dynamics in the more native-like mimetics as compared to micelles/zwitterionic LUVs can thus be expected for TatA also in native membranes. Moreover, the results support a model in which AtTatA can adapt its structure to the environment, which may be important for its function and capability of assembling into functional complexes, particularly so since plant TatA has been shown to be present in active form also in the soluble stroma fraction [60] .
Materials and methods
Materials
Tail-deuterated or protonated 1,2-dehaxanoyl-sn-glycero-3-phosphocholine (DHPC-d 22 /DHPC), DMPC, 1-palmityl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine (PS-(5-doxyl)-PC), POPC, 1-palmityl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), MGDG and DGDG was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Gadolinium (III) 5,8-bis(carboxylatomethyl)-2-[-(methylamino)-2-oxoethyl]-10-oxo-2,5,8,11-tetraazadodecane-1-carboxylate hydrate (gadodiamide) was purchased from AK scientific (Union City, CA, USA ). Materials for AtTatA overexpression and purification have been described in detail by Hauer et al. [28] . 15 N-labeled NH 4 Cl and 13 C-labeled glucose were purchased from Cambridge Isotope Laboratories, Inc (Tewskbury, MA, USA).
Protein production
Overexpression and purification steps were performed essentially as described by Hauer et al. [28] . ) and either glucose or 13 C-labeled glucose (2 gÁL À1 ) was used. Raw protein samples were achieved from inclusion bodies dissolved in a 6 M GuaHCl-containing binding buffer for nickel affinity chromatography. Following column elution and precipitation of the proteins by dialysis against water, the histidine tag and linker were cleaved by 1 M BrCN in 70% formic acid. In contrast to the preparative gel system used for the full-length AtTatA [28] , for preparative PAGE of the truncated AtTatA a Tris-tricine-based buffer system was used [61] . Following zinc-imidazole staining, protein bands were cut out, the gel was minced into pieces and proteins were electroeluted. Reversed phase HPLC was applied for final polishing [28] . In order to make sure that a functionally active protein is analyzed, in thylakoido complementation experiments according to Hauer et al. [28] were performed. In such experiments, thylakoid transport of a radiolabeled Tat substrate is studied with thylakoid vesicles that are prepared from freshly isolated pea chloroplasts. The intrinsic TatA activity is inhibited by treating the thylakoids with affinitypurified anti-TatA antibodies and membrane translocation of the Tat substrate, which strictly depends on the presence of catalytically active TatA, is realized by externally added soluble TatA. The Tat substrate, namely the precursor protein of OE16 (pre-OE16), was synthesized by in vitro transcription/translation of the corresponding cDNA in the presence of [35S]-methionine.
For spectroscopic investigations, purified and lyophilized TatA protein was in general dissolved in solutions containing 20 mM NaP, pH = 6.5, and a membrane mimetic. For NMR spectroscopy, uniformly 
Preparation of large unilamellar vesicles
Large unilamellar vesicles of varying composition were prepared by dissolving lipid powders in chloroform followed by evaporation under a stream of N 2 gas until a dry film of lipids remained. Buffer solution was added and the mixture was vortexed and subjected to five freeze-thaw cycles using liquid N 2 and hot water from the tap. The solution was again vortexed and passed 21 times through polycarbonate membranes with 100-nm pore diameter (Avanti Polar Lipids) to give the LUVs a uniform size distribution. The final total lipid concentration was 1 mM, and the composition varied between 100 and 60 mol% POPC + 0-40 mol% POPG, or 100-50 mol% POPC + 0-50 mol% MGDG or DGDG in steps of 10 mol%. TatA powder was finally added to a fraction of the finished LUV samples while the other fraction served as background.
Preparation of bicelles
Bicelles containing DMPC were prepared by direct mixing of lipid powders with buffered solution containing detergent DHPC. Several cycles of vortexing and centrifugation were performed until a clear solution was obtained. For CD measurements on bicelle samples, TatA powder was added to a fraction of the finished bicelle sample while the other fraction served as background. The DHPC concentration was always 120 mM with a q-value, that is, lipid to detergent concentration ratio of 0.2, except in the micelleto-bicelle titration series where the lipid concentration was increased by 12 mM in each of five titration steps starting from a 120 mM DHPC solution also containing TatA.
Sample preparation for residual dipolar coupling measurements
Equipment used to prepare the aligned media for RDC measurements was obtained from New Era Enterprises (Newfield, NJ, USA). The reagents 30% acrylamide/bis 19 : 1 (17% volume by final volume v/v final ), 109 TBE (v/v final = 82%) pH = 8.2, 0.87 M APS (v/v final = 1%) to produce a neutral polyacrylamide gel were mixed in a casting chamber 6 mm in diameter. Polymerization was initiated by addition of TEMED (v/v final = 0.5%). After 2 h of polymerization, the gel was washed in large volumes of deionized water and then allowed to dry at room temperature for 1 day. The gel was put back into the casting chamber and rehydrated for 1 day with buffer solution containing the 15 N-TatA-DHPC complex. The gel was forced into an NMR tube with 4.2-mm inner diameter, resulting in a weakly aligned stretched gel.
CD spectroscopy
Far-UV CD spectra of TatA were acquired on a Chirascan CD spectrometer (Applied Photophysics, Leatherhead, UK) in the wavelength range of 190-260 nm, using 1-nm step size, 1-nm bandwidth and a collection time of 0.5 s-per-point. Typically 10 scans were acquired and averaged to decrease the noise in the resulting trace. The temperature was set to 298 K. Background spectra recorded for solutions containing only buffer and membrane mimetic were subtracted from the corresponding spectra on solutions with protein. In the LUV experiments, the protein concentration was~19 lM and a quartz cuvette with 1-mm path length was used. In the experiments with micelles and bicelles the protein concentration was~200 lM and a quartz cuvette with 50-lm path length was used. Spectra were normalized to units of mean residue molar ellipticity based on measured weight of protein powder used, final sample volume and cuvette path length.
NMR spectroscopy
All NMR experiments were conducted on Bruker Avance (Bruker Biospin, Billerica, MA, USA) spectrometers with magnetic field strengths of 11.7, 14.1, or 16.5 T. All spectrometers were equipped with triple resonance cryogenic ( 1 H, 13 
Structure constraints and calculation
Dihedral angle constraints were obtained from secondary chemical shift analysis using the DANGLE module in CcpNmr Analysis, and from J HN-Ha couplings. Only the angles classified as 'good' by DANGLE were further used for structure calculations. /-angle constraints were also obtained from J HN-Ha -couplings using the Karplus equation. The parameters of the Karplus equation relating diagonal and cross-peak intensities were A = 6.51, B = À1.76 and C = 1.6, with a transfer time of 13.05 ms and relaxation correction factor of 11%. The uncertainties in the fitted dihedral angles were arbitrarily set to AE 30°. When /-angle constraints were available from chemical shifts and J-couplings, both constraints were used in structure calculation. Dihedral angle constraints were only used for helical regions as defined by analysis of secondary chemical shifts, and for residues with J-coupling that clearly indicated /-angles in the helical regions (residues V6-L19 and E27-S48). For the remainder of the sequence, no dihedral angle constraints were used. Cross-peaks in 15 N-and 13 C-edited NOESY-HSQC spectra were automatically assigned using CYANA 2.1 [63, 64] , using pseudo atoms where stereospecific chemical shift assignments could not be made, and used as distance constraints in structure calculations. 100 structures were initially calculated and subsequently refined in an iterative manner. The 10 lowest energy structures were used to represent the final ensemble structure.
Residual dipolar couplings were measured through an interleaved version of a 15 N-HSQC without refocusing of 
Relaxation and dynamics
TatA's backbone dynamics in DHPC were probed by recording 2D experiments modulated by the 15 N longitudinal (T 1 ) and transverse (T 2 ) relaxation time constants and heteronuclear steady-state NOEs. The T 1 and T 2 experiments were recorded with at least 2048 9 128 points in the direct and indirect dimensions, respectively, and using at least four scans. Ten different delays were used, ranging between 0.01 and 2 s for T 1 and ten delays between 17 and 221 ms for T 2 . The recycle delays were set to 3 s in both the T 1 and T 2 experiments. An interleaved version of the NOE experiment was used which after decomposition gives spectra with cross-relaxation-enhanced intensities and reference peak intensities, respectively. Spectra with 2048 9 64 points were recorded with and without a 5-s decoupling period of 1 H during the beginning of the pulse sequence.
Longitudinal and transverse relaxation rates were obtained by fitting resonance intensity as a function of relaxation delay using a three-parameter monoexponential function. The error estimates in the longitudinal and transverse relaxation rates were obtained as the uncertainty in the relaxation rate parameter fittings. The NOEs were calculated as the ratios of peak intensities from the enhanced and reference spectra using the RELAX software [65] [66] [67] [68] [69] [70] with uncertainties estimated from noise root-mean-square deviations in the baseplane of the enhanced and reference spectra.
The dynamics of the backbone 1 H-15 N bond vectors were analyzed using the model-free approach [47, 48] in the RELAX software. The spectral density function contains the generalized order parameter, S, a correlation time for the overall motion, s m , and a correlation time for the local motion, s e , and can be written as:
where
e . The global correlation time was kept fixed during optimization of the local parameters but systematically changed between optimization recalculations. The global correlation time was determined to be the value that minimized the sum of the differences between the measured relaxation parameters and the corresponding back-calculated values from the fitted dynamic parameters. Spectral density functions incorporating a chemical exchange term were tested, but these did not improve the minimization significantly.
Relaxation dispersion measurements were carried out on the standard 15 
Solvent accessibility
The H/D exchange experiments were performed by lyophilizing a TatA-DHPC sample and subsequently rehydrating with D 2 O followed by gentle mixing using the tip of a pipette to solubilize the remaining solvent-free powder. Ten-minute 15 N-HSQCs were recorded every 20 min for 24 h. Exchange rates were calculated by fitting resonance intensities as a function of time using a monoexponential decay model. Uncertainties in the resulting exchange rates were obtained as the error estimate in parameter optimization.
Solvent accessibility on a faster (ms) timescale was probed using the CLEANEX experiment [54] . Mixing times in the range of 8-500 ms were tested and 2048 9 128 points were used in the direct and indirect dimensions, respectively, with 64 scans per increment. The experiments were carried out at a magnetic field strength of 14.1 T. An experiment with a similar detection scheme but where the CLEANEX mixing step was exchanged for a hard pulse on 1 H was used as a reference for peak positions and intensities.
To investigate the location of the protein in DHPC, paramagnetic relaxation enhancement experiments were performed using the water-soluble probe gadodiamide. Gadodiamide powder was weighted into aliquots to be dissolved in the NMR sample containing TatA in DHPC to achieve a stepwise increase in concentration of the paramagnetic compound. 15 N-HSQCs were recorded at total gadodiamide concentrations of 10, 20, and 30 mM. Thorough mixing was achieved by taking the sample out of the NMR tube and vortexing in each titration step. The experiment for each titration step was set up in the same way and no parameters, for example, pulse lengths, were seen to change due to the addition of gadodiamide.
Lipid interactions
The lipid DMPC was incorporated into DHPC micelles to form bicelles using only gentle vortexing. 15 N resonances in the q = 0.2 bicelle sample as described above, but using 22 scans per increment in the indirect dimension and seven relaxation delays in the range 0.01-2 s.
To obtain an estimate of the insertion depth of TatA in the bicelles, paramagnetic PS-(5-DOXYL)-PC was used. The spin-labeled lipid was dissolved in chloroform and dried under a stream of nitrogen gas until a dry lipid film remained. The TatA-bicelle sample was added and the solution was thoroughly vortexed to get a solution with a final DMPC : PS-(5-DOXYL)-PC concentration of 3 : 
